[1] Understanding the formation mechanisms of cratonic basins provides an examination of the rheological, compositional and thermal properties of continental cratons. However, these mechanisms are poorly understood because there are few currently active cratonic basins. One cratonic basin thought to be active is the Congo basin located in equatorial Africa. The Congo basin is coincident with a large negative free-air gravity anomaly, an anomalous topographic depression, and a large positive upper mantle shear wave velocity anomaly. Localized admittance models show that the gravity anomaly cannot be explained by a flexural support of the topographic depression at the Congo. We analyze these data and show that they can be explained by the depression of the Congo basin by the action of a downward dynamic force on the lithosphere resulting from a high-density object within the lithosphere. We formulate instantaneous dynamic models describing the action of this force on the lithosphere. These models show that the gravity and topography of the Congo basin are explained by viscous support of an anomalously dense region located at 100 km depth within the lithosphere. The density anomaly has a magnitude within the range of 27-60 kg m À3 and is most likely compositional in origin. Our models do not provide a constraint on the lithospheric viscosity of the Congo craton because the shallow location of the anomaly ensures strong coupling of the anomaly to the surface regardless of viscosity structure.
Introduction
[2] Our understanding of the rheology of the lithosphere comes primarily from observations and modeling of active and ancient lithospheric deformation. On a large scale, this deformation is usually coincident with either modern or ancient plate boundaries. Interpretation of these deformation processes becomes more difficult the farther back in time they occurred, due to tectonic overprinting or erosion. Consequently, for regions where little deformation has occurred or that have not recently been associated with plate boundary processes, such as continental cratons, there are few observational constraints on lithospheric rheology.
[3] One type of cratonic deformation that has occurred throughout the geologic record is the vertical motions associated with the development of intracratonic sedimentary basins. These basins are observed in the major cratonic areas, and are often significant sources of hydrocarbons. As a result, these basins have been well studied, especially the Paleozoic Michigan, Illinois and Williston basins of North America. The relation between the forces driving intracratonic basin subsidence and the style and magnitude of that subsidence is determined by the structure, rheology and composition of cratonic lithosphere. By modeling cratonic basin subsidence it is possible to estimate the rheology of the subcratonic lithosphere and asthenosphere and to quantify the magnitude of buoyancy within cratonic lithosphere. Thus, understanding the formation mechanisms of intracratonic basins is important not only for economic reasons, but also for understanding the mechanical properties of cratonic lithosphere.
[4] Intracratonic sedimentary basins, defined in terms of their plate tectonic setting, are basins contained within continental interiors and not associated with plate boundaries [Ingersoll and Busby, 1995] . Despite the economic and geodynamic importance of intracratonic basins, their formation mechanisms are still not fully understood. This lack of understanding partly results from the unusual properties of these basins [Sloss, 1990] . The most successful formation mechanisms rely on motions of anomalous masses in the lithosphere and/or asthenosphere caused by changes in the stress state or thermal structure of the lithosphere during supercontinent breakup and/or formation [DeRito et al., 1983; Sloss, 1990] . However, these models have not been fully explored because the relation between mantle flow and surface deformation was poorly understood when they were proposed. In addition, verification of these mantle flow models requires detailed knowledge of the dynamic subsidence and gravity fields associated with the basin-forming event. Since there are few modern active intracratonic basins these data are generally not available; the primary barrier to understanding intracratonic basin formation is the lack of modern active intracratonic basins.
[5] Intracratonic basins that are thought to be currently active are the Hudson Bay, Chad and Congo basins. The Chad basin is currently, and for much of its history since the Neogene has been, the location of a variable-sized lake at the center of an endoreic watershed (Figure 1 ). The sedimentary fill of the Chad basin covers an area of 8 Â 10 5 km 2 , is approximately 500 m thick and consists largely of lacustrine sediments deposited in a continental environment [Burke, 1976] . Burke [1976] hypothesized that deposition at the location of Lake Chad is a passive response to erosion of surrounding dynamic uplifts.
[6] The Hudson Bay basin is the largest of the Paleozoic intracratonic basins of North America. The basin is situated within the region of Laurentia currently undergoing postglacial rebound. Sedimentary infill of the Hudson Bay basin is up to 2 km in thickness and consists of a thick Ordovician to Devonian section overlain by thin Cretaceous and Quaternary sections [Hanne et al., 2004] . The Hudson Bay basin is underlain by several rift structures that appear to have been active during sediment deposition in the basin. Hanne et al. [2004] hypothesize that the subsidence of the Hudson Bay basin occurred due to this rifting. However, it is also possible that a high-density region in the uppermost mantle is currently depressing the Hudson Bay basin dynamically. The primary difficulty in determining the magnitude and nature of this dynamic force has been separating its geophysical signature from that of the largescale postglacial rebound [Tamisiea et al., 2007] .
[7] The Congo basin is much older, larger and deeper than the Chad basin, and, despite its close proximity to the Chad, bears a greater resemblance to the Paleozoic intracratonic basins of North America. Covering an area of 1.2 Â 10 6 km 2 , roughly the size of Hudson Bay, the Congo is among the largest intracratonic basins. The basin straddles the equator in central Africa and is contained within the Congo craton, an amalgamation of crustal blocks that formed during the Proterozoic [De Waele et al., 2008] . The seismically determined crustal thickness of the Congo craton is within the range 30-45 km with thickest crust observed beneath the Congo basin [Pasyanos and Nyblade, 2007] . Sediment infill of the basin is up to 9 km and consists of several unconformity-bounded packages that date in age from late Proterozoic to Quaternary [Daly et al., 1992] . This pattern is similar to that observed in other intracratonic basins and indicates multistage basin development. The majority of these sediments are proposed to have been deposited in response to thermal contraction after a late Proterozoic rifting event. However, since the latest Jurassic or earliest Cretaceous the basin has been subsiding by an unknown mechanism.
[8] Using gravity data acquired during the Gravity Recovery and Climate Experiment (GRACE) [Tapley et al., 2005] and topography from the Shuttle Radar Topography Mission (SRTM) [Farr et al., 2007] , we reexamine the admittance (an estimate of the linear transfer function between topographic and gravitational spectra; Appendix A) of the Congo basin. The admittance estimates obtained using these data imply that the topography of the Congo basin is dynamically supported. Using active source seismic data [Daly et al., 1992] , we construct a new isopach of the anomalous early Cretaceous to Quaternary sediments. This isopach is used to correct the SRTM data to highlight the topographic structure of the anomalous subsidence of the Congo basin, which we hypothesize has a dynamic origin. We then present three-dimensional models of the instantaneous dynamics of the cratonic Congo basin, calculated using the convection code CitcomT [Billen et al., 2003] , which are constrained using this anomalous topography and gravity. We discuss the compatibility of these models with the deeper seismic velocity structure beneath the Congo as revealed by tomography. Our models demonstrate that the Cretaceous-Quaternary anomalous subsidence of the Congo basin results from viscous support of a high-density region in the uppermost mantle. The preferred location of this anomaly is at 100 km depth with a maximum density anomaly of 27-60 kg m
À3
. The location of this anomaly within the uppermost mantle, however, makes it difficult to uniquely determine the viscosity structure of the Congo lithosphere.
Previous Studies of the Cratonic Congo Basin
[9] The Congo basin is located almost entirely within the Democratic Republic of the Congo with its northern and northwestern extents reaching into the Republic of the Congo and the Central African Republic. It is one of the least studied intracratonic basins due to its relative inaccessibility and long-term regional political instability. Geological study during colonial (pre-1960) times largely consisted of geological mapping [Cahen, 1954] with some preliminary geophysics [É vrard, 1957] and the drilling of two exploratory boreholes [Cahen et al., 1959 [Cahen et al., , 1960 . The major results of this colonial work are summarized by Giresse [2005] . Since 1960, geological study of the Congo basin has largely been carried out by oil exploration companies and is proprietary. However, Daly et al. [1992] present an interpretation of seismic and well data collected in the early 1980s. Much of our current knowledge of the Congo basin's tectonic history is reliant upon interpretation of these seismic and well data.
[10] The Congo basin developed in stages. These stages are represented by four Paleozoic unconformity-bounded sedimentary sequences capped by a $1 -2 km thick late Jurassic/early Cretaceous to Quaternary sediment package [Daly et al., 1992] . The oldest sedimentary rocks in the basin are late Proterozoic. It is not clear if rifting on the basin's basement faults predated or was coincident with deposition of the lowest sedimentary package. It is clear, however, that motion on these faults was reversed in response to collisional events related to the formation of Gondwana during the early and late Paleozoic [Daly et al., 1991] . The evidence for these two collisional events is deformed, basinal sediments that are truncated by the sequence bounding unconformities. Daly et al. [1992] cite thermal relaxation after a late Proterozoic rifting event as the primary mechanism driving subsidence during deposition of the lower four stratigraphic packages. Since the early Mesozoic, the Congo craton has remained stable, with no internal collisional or rifting events taking place, making it difficult to determine the subsidence mechanism of the early Cretaceous to Quaternary basin sediments. Sahagian [1993] tentatively proposes a passive sediment catchment model for this latest deposition within the basin, similar to that proposed by Burke [1976] for the Chad.
[11] The lithosphere underlying the Congo basin is being compressed between the East African Rift Zone and the Mid-Atlantic Ridge as evidenced from earthquake focal mechanisms [Ayele, 2002] . The state of stress in the North American craton during the periods of active subsidence in the Michigan, Williston and Illinois basins is also thought to be compressional, as evidenced by the correlation of basin subsidence with orogenic events [Sloss, 1988] . Other geophysical characteristics of the Congo basin are not typical of intracratonic basins. Hartley and Allen [1994] observe a long-wavelength Bouguer gravity low over the Congo. This gravity anomaly in combination with the long-wavelength topographic expression of the Congo basin gives large admittance values at long wavelengths, yielding an effective elastic thickness (EET) of 101 km for the lithosphere beneath the Congo basin [Hartley and Allen, 1994; Hartley et al., 1996] . This estimate, while similar to estimates of EET in other cratonic regions, may only be an upper bound on the true elastic thickness of the Congo lithosphere [McKenzie and Fairhead, 1997] . Nevertheless, the $2000 km wavelength of the Congo basin suggests that flexural support is not the primary mode of compensation for its topographic expression. Hartley and Allen [1994] suggest that the anomalous gravity and topography of the Congo basin results from the action of a downward dynamic force on the base of the lithosphere caused by convective downwelling in the mantle.
Observations and Data

Gravity
[12] The free-air anomaly gravity of Africa, derived from the GRACE satellite-only geopotential model GGM02S [Tapley et al., 2005] , expanded out to degree l = 110 (l % 362 km) shows that the Congo basin is coincident with an approximately 70 mGal free-air gravity low (Figure 2a ). This gravity low is the dominant feature of continental Africa's gravity field. A geoid height anomaly calculated from GGM02S for the same wave band (Figure 2b ) is coincident with the Congo basin, but the correlation is less dominant than evidenced in the free-air anomaly; the Congo basin is coincident with an embayment in the longer wavelength Indian geoid low. The Hudson Bay Basin is coincident with a 60 mGal free-air gravity low; however, the spatial extent of this low is much larger than the basin, and it is difficult to separate the component of the gravity anomaly due to the basin from the postglacial rebound component [Tamisiea et al., 2007] .
[13] In order to explore the nature of the Congo gravity anomaly we examine the free-air gravity spectrum using a spatiospectral localization technique [Simons, 1996; Simons et al., 1997] . The basis of this localization scheme is a windowing function centered at a specific geographic location and derived from a spherical cap, a function on the surface of the sphere whose magnitude equals one within a specified angular radius from its central location and zero outside that radius. The spectrum of this windowing function is given by truncating the spectrum of spherical cap of radius q c at a maximum spherical harmonic degree of L win . q c is given by
where l s = l/f s is the ratio of the spherical harmonic degree of interest to a real-valued scaling factor f s ! 1.0. L win is Figure 2a . Note that the gravity low associated with the Congo is contained within the wave band of anomalously high RMS amplitude highlighted in Figure 3a .
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given by L win = l s d e where f (x) = [x] is the ceiling function. The Nyquist condition for this windowing process is given by
where L obs is the maximum spherical harmonic degree of the observations. Two schemes for choosing f s have been used. McGovern et al. [2002] chose f s proportional to l so that l s is constant, implying that q c and L win are also constant. This choice results in a constant windowing function for all spherical harmonic degrees, most suitable for analyzing a particular geographic region. This windowing scheme has a constant spatial resolution, but a spectral resolution that increases with l. The Nyquist condition (2) for this windowing scheme, along with the bounds on f s restricts the wave band over which this scheme can be applied to
Simons et al. [1997] use a different scheme for the windowing process in which f s is constant for all windows, and as a result, window size varies with spherical harmonic degree, l. This scheme highlights the physical meaning of f s , namely, that it is the number of wavelengths contained within the windowing function. This scheme is well suited to analyzing large bandwidth signals. For different l, the wavelength varies and the window size is dilated so that the spectral resolution remains constant and spatial resolution increases with l. The Nyquist condition for this windowing scheme is
These two windowing schemes are analogous to standard localized spectral analysis methods commonly used to analyze functions in the plane. The McGovern et al. [2002] scheme is similar to the 2-D isotropic short-time Fourier transform, while the dilations of the window used in the scheme of Simons et al. [1997] are similar to the dilations of the 2-D isotropic wavelet transform. By windowing a spherical harmonic field near a given location using this method we can then apply standard spectral analysis techniques in a localized sense.
[14] The anomalous root-mean-square (RMS) amplitude spectrum of the GGM02S free-air gravity anomaly localized near the Congo basin at 22.00°E, 1.75°S is calculated by subtracting the globally averaged local RMS amplitude spectrum of the free-air gravity from the RMS amplitude spectrum localized near the Congo (Figure 3) . We utilize the windowing scheme of Simons et al. [1997] with a scaling factor, f s = 1.5. The free-air gravity near the Congo has anomalously large amplitudes throughout wave band 10 < l < 45 (880 km < l < 3817 km; Figure 3a ). We use this spectral signature to design a filter that decomposes the GGM02S free-air gravity model into two parts. By using a band pass trapezoidal filter (l = 5-10-45-60) and its corresponding band reject filter it can be seen that the large gravity low associated with the Congo basin is wholly contained within the wave band of anomalously high RMS amplitude (Figures 2c and 2d ). Even though we are focused upon a particular geographic region, we use the windowing scheme of Simons et al. [1997] , with f s = 1.5, in preference to that of McGovern et al. [2002] Figure 3a except that the RMS amplitude anomaly of the topography has been localized near the Congo; topography before the removal of the anomalous Mesozoic-Quaternary isopach (solid line); anomalous RMS amplitude of the topography after correction for sediment removal (dashed line). Note that there are two wave bands over which the topography of the Congo is anomalous. For the wave band 5 < l < 15, the large amplitudes result from the spectral expression of the continent-ocean boundary, while the anomalous amplitudes within the wave band 15 < l < 45 result from the topographic expression of the Congo basin. Sedimentation within the basin has preferentially dampened the topography within the wave band 15 < l < 65, with uniform damping over 20 < l < 50.
gaining spatial resolution at the expense of not being able to analyze the entire bandwidth of the gravity anomaly. The windowing method of Simons et al. [1997] provides a compromise between these two extremes.
Topography
[15] The use of a global topographic model in which bathymetry is calculated by downward continuation of oceanic gravity anomalies, when comparing the spectral content of gravity and topography, will bias any estimation of the transfer function between gravity and topography to that of the downward continuation operation. This bias is easily avoided by using only ship track bathymetric measurements in the construction of a global topography model. We construct a new spherical harmonic representation of topography based upon the equivalent rock topography model ERT360 [Pavlis and Rapp, 1990 ] over oceanic regions. The ERT360 model, although dated, was created using only ship track bathymetric measurements for oceanic areas and is at sufficient resolution for our purposes. Over continental regions we use the SRTM topography data (Figure 1 ) for the construction of our model. Within this topographic model (expanded out to l = 110; Figure 4a ), the Congo basin is outlined as a subtle depression in the topography which is not as anomalous as the Congo basin's gravity signature at these long wavelengths (see Figure 2) . However, the topographic depression of the basin is almost circular in shape, a characteristic which is unique within Africa.
[16] We again use the spectral localization method to calculate the RMS amplitude spectrum of the topography localized near the Congo basin (Figure 3b ). The wave band 15 < l < 45 (880 km < l < 2580 km) exhibits anomalous RMS topography whose amplitude peaks near l = 20 (l = 1950 km) and decays to 0 at l = 40 (l = 990 km). The RMS topography anomaly within the wave band l < 15 is much larger in amplitude. These large amplitudes result from the spectral expression of the extreme topographic variations associated with the ocean-continent boundary, especially the sudden transition from the high elevation of southern Africa to the ocean floor at the location of the south African escarpments (Figure 1 ). The spectra of step-like features such as the continent-ocean boundary exhibit large amplitudes at all degrees. At l > 15 our windowing functions are small enough that these transitions are masked out of the data and therefore do not affect our spectral estimates. However, at the longest wavelengths our spatial windows become large and these features begin to dominate the spectrum of the topography.
Admittance Between Gravity and Topography
[17] The topography and gravity data sets described above are significant updates to the regional data sets used by Hartley and Allen [1994] and Hartley et al. [1996] in their analyses of the gravitational admittance of the Congo. These analyses also relied upon admittance spectra calculated using Bouguer gravity anomalies in their estimates of the EET of the Congo lithosphere. McKenzie and Fairhead [1997] warn that EET estimates based on Bouguer admittance can only be considered upper bounds to the true EET, due to the effect of erosional damping on short-wavelength components of the topography. It is prudent therefore to reestimate the admittance spectrum of the Congo using our new data sets to verify the conclusions of Hartley and Allen [1994] and Hartley et al. [1996] . Since our data sets are global in scope, we again utilize spatiospectral localization to restrict our admittance analysis to the Congo region.
[18] We estimate the localized admittance near the center of the Congo basin, using the same windowing scheme as described above for our estimation of the anomalous RMS amplitude spectra of gravity and topography ( Figure 5a ; see Appendix A for details). There is relatively good correlation between the localized gravity and topography over the wave band 15 < l < 40 (990 km < l < 2580 km), a wave band which also contains much of the power of the anomalous free-air gravity. Throughout this wave band the estimated admittance is >25 mGal km
À1
; the admittance is relatively constant at $50 mGal km À1 for 25 < l < 40. For comparison with the results of Hartley and Allen [1994] and Hartley et al.
[1996], we calculate synthetic gravity spherical harmonic coefficients assuming that the lithosphere responds elastically to the topographic load. In this model, the synthetic gravity has two sources, the gravity anomaly caused by the topography and that caused by the flexural deflection of the Moho:
where the superscripts H and W indicate the spherical harmonic coefficients of gravity associated with the topography and Moho deflection, respectively. For the subtle topography of the Congo region the gravity coefficients on the right hand side of (5) can be approximated by
Dr M and Dr H are the density contrasts across the topographic and Moho interfaces, respectively, and G is the gravitational constant. Coefficients of Moho deflection w lm are calculated using the formulation for the flexural except that the sediment unloaded topography has been used in the admittance estimate.
deflection of a thin spherical elastic shell [McGovern et al., 2002; Turcotte et al., 1981] :
where
and
T e is the thickness of the elastic shell, E is Young's modulus, g is the acceleration of gravity, and n is Poisson's ratio. We use equations (5) -(10) and the parameters listed in Table 1 to calculate synthetic gravity coefficients for values of the elastic thickness T e = 0, 50, 100, 150 and 200 km. We then estimate the localized admittance between the topography and these synthetic gravity fields near the Congo at 22.00°E, 1.75°S ( Figure 5a ).
[19] While the overall fit of the admittance estimated using the GRACE gravity with the synthetic admittances is poor, the magnitude of the former is consistent with flexural models with T e > 100 km over almost all of the wave band of good correlation between gravity and topography ( Figure 5a ). The plateau of $50 mGal km À1 admittance for the 25 < l < 40 wave band is consistent with T e $ 200 km. The average magnitude of the Congo's admittance at long wavelengths ( Figure 5a ) is consistent with the T e value of 101 km estimate of Hartley and Allen [1994] and Hartley et al. [1996] . In general, continental regions exhibit T e values much smaller than this, generally less than 25 km [McKenzie, 2003] . The unreasonably large T e required to fit the modeled admittance to the GRACE admittance indicates that lithospheric flexure is not an important mode of compensation of the Congo topography. We agree with the conclusion of Hartley and Allen [1994] that there is likely a downward dynamic force, resulting from mantle convection, acting on the base of the Congo lithosphere. Furthermore we hypothesize that surface subsidence caused by mantle convection resulted in the deposition of the anomalous Mesozoic-Quaternary strata identified by Daly et al. [1992] .
Cretaceous-Quaternary Basin Infill
[20] In order to highlight the pattern of Congo basin dynamic subsidence we remove the anomalous late Cretaceous to Quaternary sediments from the topography. The removal process involved is similar to that of back stripping [e.g., Watts and Ryan, 1976] : remove the sedimentary basin infill from the topography by unloading its mass from the lithosphere assuming a compensation model.
[21] We reinterpret the seismic data of Daly et al. [1992] with well control provided by the SAMBA and DEKESE wells [Cahen et al., 1959 [Cahen et al., , 1960 and the 1981 Gilson well to constrain the shape of the Mesozoic-Quaternary isopach ( Figure 6 ). Time-depth conversions were performed using the refraction velocities determined at the SAMBA well by É vrard [1957] . The lateral extent of these rocks was constrained by digitizing outcrop limits of the isopach from the UNESCO International Geologic Map of Africa [Commission for the Geological Map of the World, 1987] ( Figure 6 ). We then fit a smooth surface to these data using the MATLAB 1 gridfit subroutine (J. D'Errico, Surface fitting using gridfit, 2005, available from MATLAB 1 Central at http:// www.mathworks.com/matlabcentral). The isopach map of these sediments shows they are oval in shape and reach $1200 m in thickness ( Figure 6 ). The region of significant sediment accumulation (>50 m) measures $1200 km eastwest and 900 km north-south and is coincident with the location of the Congo free-air anomaly. As is typical of the sediment fill of intracratonic basins there is no evidence of significant sediment deformation in the seismic data.
[22] In order to refine our estimate of the dynamic component of topography, we unload the anomalous isopach from the SRTM topography. Given the large area covered by these sediments we assume local compensation in which the corrected topography is given by
where r s and r m are the bulk density of the sediment infill and mantle, respectively, and I is the sediment thickness. The density of the sediment infill is constrained by lithology and burial depth. Analysis of the well data indicates that r s = 2000 kg m
À3
, and we assume a mantle density of 3300 kg m À3 . Equation (11) gives a maximum topography correction of $À475 m. We use the sediment-corrected SRTM topography to calculate a second spherical harmonic representation of topography and expand this corrected topographic field to l = 110 (Figure 4b ). For comparison with the uncorrected topography we calculate the anomalous RMS amplitude spectrum of this corrected topographic field ( Figure 3b ). As expected, given the large area covered by the anomalous sedimentary rocks, sedimentation in the Congo basin has preferentially dampened the topography over the wave band 15 < l < 65 (610 km < l < 2580 km) with relatively constant damping occurring over 20 < l < 50 (790 km < l < 1950 km). Topographic modification caused by sedimentation also appears to be partially responsible for the large admittance associated with the Congo basin. Estimating the admittance using the sediment-corrected topography in place of the SRTM topography decreases the admittance within the wave band of anomalous gravity by $10 to $40 mGal km
À1
. Even after the sediments have been removed, however, the admittance remains too high to be explained by lithospheric flexure. Typical admittance values from cratonic regions are <20 mGal km À1 at these wavelengths. Similar to the decomposition of the gravity into band-passed and band rejected components, we decompose the sediment-corrected topography into components using a similar trapezoidal filter (l = 10-15-45-60; Figures 4c and 4d) . While restricted to a slightly smaller wave band, this decomposition demonstrates that the sediment-corrected topography is not only spatially coincident with the Congo free-air gravity but spectrally coincident as well.
Tomographic Structure of Congo Lithosphere and Asthenosphere
[23] Global tomographic models of shear wave velocity anomaly [Ritsema et al., 1999; Mégnin and Romanowicz, 2000; Gu et al., 2001; Grand, 2002] generally agree on the velocity structure of the lithosphere and upper mantle beneath central Africa. Of these global models we choose S20RTS [Ritsema et al., 1999; Ritsema and van Heijst, 2004] to be representative of the general pattern observed (Figure 7 ). This velocity structure consists of a region of approximately +5% maximum-amplitude shear wave velocity anomaly, relative to the Preliminary Reference Earth Model (PREM) [Dziewonski and Anderson, 1981] , located at a depth of $150 km beneath the Congo basin (Figures 7a,  7c, and 7d) . The anomalous high-velocity region decays to +1% at $300 km depth (Figures 7b, 7c, and 7d ). Velocities consistent with PREM (0%) are reached at a much greater depth, $800 km (Figures 7c and 7d) . The horizontal extent of this region covers the entire Congo basin and is connected with a region of similar anomalous velocity beneath southern Africa (Figure 7a ). In S20RTS, the Congo velocity anomaly forms a local maximum distinct from the velocity maximum beneath southern Africa.
[24] Regional models of the shear wave velocity anomaly beneath Africa, calculated using Rayleigh wave phase velocities, are not as consistent. Ritsema and van Heijst's [2000] model was calculated using a subset of the data used in S20RTS, and exhibits a similar pattern of shear wave velocity anomaly, although resolution is poor at depths greater than 250 km. S. Fishwick (Seismic studies of the African continent and a new surface wave model of the uppermost mantle, paper presented at Workshop TOPOAFRICA, Géo-sciences Rennes, Rennes, France, 8 November, 2007) presents a model based on an updated data set relative to that of Ritsema and van Heijst [2000] . This data set was constructed with an emphasis on high-quality data and the resulting velocity structure is very similar to S20RTS. Both of these models indicate that shear wave velocity anomalies beneath central Africa are strongest beneath the Congo basin at a depth of 100-150 km. In contrast, the model of Pasyanos and Nyblade [2007] characterizes the upper mantle beneath parts of the Congo craton with anomalously high velocities; however, the region immediately below the Congo basin is not anomalous. Pasyanos and Nyblade's [2007] model does indicate that the sediments of the Congo basin make up the upper 20% of a 45 km thick crust, the thickest observed on the African continent. Pasyanos and Nyblade [2007] interpret the absence of anomalously fast velocities in the upper mantle beneath the basin as indicative of a missing cratonic keel, proposing that the Congo basin overlies a hole in the cratonic mantle lithosphere. They attribute the difference between their model and previous models to poor horizontal resolution in the latter: the Congo basin is surrounded by anomalously fast lithosphere which, in these models, has been ''smeared'' into the upper mantle beneath the Congo basin. However, the lack of seismic stations within the Congo region is the primary limit on the resolution of tomographic inversions of the upper mantle beneath the Congo region. Until better station coverage is achieved, it will be difficult to accurately determine these velocities.
[25] Shear wave velocities are sensitive to temperature because of the strong temperature dependence of the shear modulus [Priestly and McKenzie, 2006] . As the temperature within the mantle approaches the melting temperature the Daly et al. [1992] as having no explainable subsidence mechanism. The location of thickest sediment infill is coincident with the location of the Congo gravity anomaly (Figure 2 ). The thick black lines and well symbols denote the locations of the seismic sections and wells used in the construction of this map. The wells are designated DEKESE (D), SAMBA (S), and Gilson (G). Velocities determined by refraction surveys near the location of the SAMBA well were used for time-depth conversion of the seismic data [É vrard, 1957] . magnitude of the shear modulus is reduced and seismic velocities decrease. Temperature is also an important, but not exclusive, control on density throughout the mantle, with the coefficient of thermal expansion being $10 À5 K À1 . Cold regions within the mantle are therefore denser and have greater shear wave velocities than their warmer surroundings. If the velocity anomaly beneath the Congo basin as shown in S20RTS is a robust feature, it may indicate the presence of an anomalously dense region in the upper mantle beneath the Congo, consistent with dynamic support of the Congo basin's anomalous topography. However, on the other hand, if the lack of high velocities beneath the Congo in Pasyanos and Nyblade's [2007] model is verified, it does not necessarily contradict a high-density region within the upper mantle. Anderson [2007a Anderson [ , 2007b points out that eclogitic phases within the uppermost mantle can have negative or zero shear wave velocity anomalies, but still be relatively dense compared to surrounding mantle. Thus the results of Pasyanos and Nyblade [2007] do not directly rule out the presence of a density anomaly beneath the Congo. Because of this conflict between models we do Figure 7 . (a) Depth slice through the tomography model S20RTS [Ritsema et al., 1999; Ritsema and van Heijst, 2004] at a depth of 150 km. Note the +5% shear wave velocity anomaly (relative to PREM) beneath the Congo basin which forms a maxima distinct from the fast regions beneath southern Africa. Figure 7c , however, the cross section trends NW -SE along profile B-B 0 . These two cross sections highlight the depth extent of the Congo basin velocity anomaly. The maximum anomaly of +5% occurs near a depth of 100 -150 km. This anomaly decays with depth to +2% over the depth range 150-300 km. From 300 to 800 km depth the velocity anomaly is relatively constant at 1%, reaching 0% near 800 km deep. not use the tomographic models as a direct constraint on our dynamic models.
Instantaneous Dynamics of the Cratonic Congo Basin
Dynamic Models of Cratonic Basin Subsidence
[26] Mantle dynamics has long been hypothesized to play a role in intracratonic basin subsidence. DeRito et al. [1983] demonstrated using semianalytical models of viscoelastic beam flexure, that stress changes in the lithosphere could cause anomalous high-density flexurally compensated bodies within the lithosphere to become unstable, flow, and essentially relax toward an isostatic state. Accompanying this flow is a depression of the surface, causing the formation or reactivation of subsidence in an intracratonic basin. Middleton [1989] presented a model in which intracratonic basin subsidence is caused by the combined effects of dynamic topography and thermal contraction over an asthenospheric downwelling or ''cold spot.' ' Middleton [1989] noted, however, that permanent subsidence resulting from this mechanism is difficult to achieve, requiring that a fraction of sediment be preserved above base level as the basin is uplifted in response to removal of the cold spot. Models of intracratonic basin subsidence caused by downward flow of dense eclogite bodies within the cratonic lithosphere roughly predict the subsidence histories of the Michigan, Illinois and Williston basins [Naimark and Ismail-Zadeh, 1995] . However, attempts at modeling the role of mantle dynamics in intracratonic sedimentary basin subsidence have had limited usefulness; inadequate observational constraint makes it difficult to uniquely determine model parameters.
[27] Geophysical and geological observations at the Congo basin provide a unique and unprecedented opportunity to study the role dynamic topography plays in cratonic basin subsidence. The correlation of the Congo gravity anomaly, anomalous topographic depression and upper mantle shear wave velocity anomaly is striking. Nowhere else are these quantities as well correlated at such large wavelengths. All three are present at the Hudson Bay basin but have much larger variation in spatial extent. At the Congo, these data combine to provide tight constraints on the dynamic processes currently depressing the Congo lithosphere.
Calculation of Model Topography and Gravity
[28] The observations outlined in section 3 only constrain the current state of the Congo basin. There is no information about the evolution of the basin contained in the gravity, topography or shear wave velocity anomaly associated with the basin. Therefore, following the approach of Billen et al. [2003] , we calculate only the instantaneous dynamic topography.
[29] Under the infinite Prandtl number and Boussinesq approximations, the force balance between mantle density anomalies and surface deflection is governed by conservation of mass, as expressed by the continuity equation:
and conservation of momentum as expressed by the Stokes equation:r
whereũ is the velocity vector,s is stress andf is the body force. The over arrow and over tilde notations indicate vectors and second-order tensors, respectively. We adopt a Newtonian-viscous constitutive relation:
in whichĨ is the identity tensor, P is pressure, h is the dynamic viscosity and_ e is the strain rate tensor defined as
The body force is given bỹ
T is absolute temperature, T o is a reference temperature, r o is a reference density, a is the coefficient of thermal expansion, andr is the radial unit vector. Nondimensionalizing using the definitions
where k is the thermal diffusivity, h o is a reference viscosity and DT is the temperature difference between Earth's surface and the mantle's interior, yields from (12),
and from the combination of (13) - (16),
where the nondimensional Rayleigh number, Ra, is
Ra is a measure of the relative importance of buoyancy and viscous resistance. Values of the parameters used in the models presented here give a Rayleigh number of 4.35 Â 10 8 (Table 2) .
[30] We solve equations (18) and (19) for P 0 andũ 0 in spherical coordinates using the finite element (FE) mantle convection code CitcomT [Billen et al., 2003] . Our model domain consists of an 80°by 80°spherical sector centered on the equator whose depth ranges from the surface to 2890 km, the core-mantle boundary (CMB; Figure 8 ). The total number of elements in each dimension is 216. The grid spacing varies in latitude and longitude with the innermost 34°by 34°region having a constant grid spacing of 0.2°w hich increases linearly outside this inner region to 2.75°at the model boundaries. Depth grid spacing is 7 km over the uppermost 700 km, linearly increasing beneath to 40 km at the CMB. [31] CitcomT utilizes the consistent boundary flux (CBF) method [Zhong et al., 1993] to calculate the normal stress on the upper surface of the model domain. Rather than attempt to calculate the normal stress on this surface, s rr , using the constitutive relation (14) the CBF method uses the solution to the model pressure and velocity fields (P 0 andũ 0 ) to solve the Stokes and continuity equations for the normal stress directly on the upper free surface of the model. Zhong et al. [1993] demonstrate that the CBF method is substantially more accurate, in terms of relative errors, than calculating the normal stress by smoothing element stresses on the free surface. Billen et al. [2003] benchmarked this procedure for the spherical problem solved by CitcomT.
[32] Dynamic topography is the topography that results in response to the normal stress imposed on the surface by viscous flow in the mantle. Because of the long wavelength of the anomalous topography observed in the Congo we adopt a model in which the surface-normal stress is balanced by topography at the Earth's surface:
where H m is the model topography and Dr fill is the density contrast between the uppermost mantle and the material infilling the surface deflection. For our models, we compare this modeled topography to the sediment-corrected topography calculated in section 3 and therefore the infilling material is air and Dr fill is equal to the reference density r o .
[33] The model gravity consists of two parts, the gravity due to the variations of density within the mantle and the gravity due to the mass deficit created by the dynamic topography. The spherical harmonic coefficients of the gravity at Earth's surface (r = R E ) due to the internal density structure, r(r, q, f), are calculated using
where Y lm (q, f) is a spherical harmonic (see Appendix A) and dW = sin(q)dqdf. The spherical harmonic coefficients and the integral over r are calculated within CitcomT using the numerical quadrature method used in the FE computation. The topographic component of the gravity is calculated using a modified version of (22) in which the integral over r and the upward continuation factor are dropped because the topographic density anomaly is located at the upper surface of the model. This density anomaly equals the model topography scaled by the surface density contrast Dr s :
where h lm are the spherical harmonic coefficients of the model topography, H M . The magnitudes of these two components of gravity are similar and opposite in sign because a positive density within the mantle causes a negative density anomaly at the surface. The total gravity anomaly is therefore relatively small in magnitude compared to either the gravity from internal density variations or the surface deflection and therefore these two gravity components must be calculated as accurately as possible.
The consistent boundary flux method therefore also facilitates accurate calculation of the model gravity anomaly.
Model Setup
[34] The shape of the input density structure of our models is described by a cylindrically symmetric bivariate Gaussian density anomaly at a specified depth (Figure 9a ). The axis of symmetry is vertically oriented beneath the center of the Congo basin at 22.00°E, 1.75°S. The horizontal width and vertical thickness of these anomalies is specified by their half width and half thickness (the distance at which the magnitude of the Gaussian drops to one-half maximum). The half width is measured along the surface of Figure 8 . A 3-D view of our finite element mesh viewed from the southeast. The gridlines have been decimated by a factor of 6 for clarity. The domain extends from the CMB to the surface, spans 80°longitude by 80°latitude and straddles the equator. The total number of nodes in each dimension is 217. The central 34°by 34°region has a grid spacing of 0.2°increasing linearly outside this region to 2.75°at the edge of the domain. In depth the grid spacing is 7 km over the uppermost 700 km of the mantle and increases linearly below to 40 km spacing at the CMB.
the Earth so that deeper models, while having a smaller absolute width, have the same angular width as shallower models. Thus the shape of these density anomalies, when the half thickness is less than the half width is an oblate spheroid. In general, we run these models in groups containing 21 members of constant width whose depth location varies from 50 to 500 km and whose half thickness at each depth varies from 50 km to a maximum equal to their depth. The magnitude of the maximum density anomaly of each group member is varied so that the total anomalous mass of each member is constant within a group.
[35] The viscosity of our models is described using the relation
in which f [0, 1] is a function of positionx, r is the ratio of maximum to minimum viscosity, and v T describes the decay of viscosity with increasing f (Figure 10 ). This relation is similar to that used by Conrad and Molnar [1999] in which nondimensional temperature has been replaced by f and to which we have added the parameter v T . For the background viscosity, f equals the ratio of depth to lithospheric thickness within the lithosphere and equals 1 throughout the sublithospheric mantle (Figure 9b ). The viscosity of the density anomalies is calculated using the same bivariate Gaussian geometry to describe the spatial distribution of f. The maximum viscosity of the anomalies is expressed in terms of the depth at which the maximum viscosity equals the background viscosity, symbolized h eqv depth and expressed in km (in Figure 9c , h eqv depth = 50 km, so the maximum viscosity of the anomaly equals the background viscosity in Figure 9b at 50 km depth). The viscosity at any given location is taken to be the larger of the background and anomalous viscosities (Figure 9d ). Within each group of models we use the same viscosity parameters and background viscosity. This is done to ensure that while the mass distribution of each group member may be different, its mass remains mechanically coherent. In addition we explore the effects of a viscosity increase beneath the lithosphere by specifying, for some models, a transition depth where the viscosity increases by a specified ratio over a depth of 100 km and beneath which viscosity remains constant. Specifying the total anomalous mass for different sized anomalies, while keeping a similar viscosity structure means that we must specify the input viscosity independently from the input density and therefore cannot use a temperaturedependent viscosity. The input temperature field used when solving equation (19) is obtained by mapping our specified densities into ''effective'' temperature. We specify the viscosity input to CitcomT directly.
[36] While we have parameterized our input density in terms of temperature, this density can have either a compositional or thermal component. Since we are solving only for the instantaneous flow we do not need to distinguish between density anomalies arising from composition and those arising from temperature. This approach also has some additional benefits. In cratonic regions, lithospheric instability may only occur within the lower extent of the thermal boundary layer and be driven by compositional effects, perhaps due to phase changes [O'Connell and Wasserburg, 1972; Kaus et al., 2005] . Compositional buoyancy may also be responsible for the apparent long-term stability of cratonic lithosphere [Jordan, 1978; Kelly et al., 2003; Sleep, 2005] . Comparing our best fit input density models with density anomalies associated with different mineral phase changes may allows us to discern the relative roles of compositional and thermal density changes in cratons.
Results
[37] Preliminary modeling quickly showed that a half width of 600 km provided the best fit to observations, regardless of the viscosity structure, for anomalies contained within the upper mantle (we tested models ranging in half width from 100 to 800 km). This is most likely due to the large horizontal extent of the Congo gravity anomaly, along with our placement of the density anomaly within the upper mantle region. As a result, we only discuss model groups with 600 km half width here. The parameters of model groups we do discuss are given in Table 3 along with the depth, thickness, misfit and maximum density contrast associated with the best fit model of each group.
[38] The thickness and depth of the density anomalies controls their coupling to the surface as illustrated by the trends in the magnitude of the topographic depression ( Figure 11 ). For group 3 (Figure 11a ), as the density anomalies are placed deeper, the resultant deflection of the surface decreases. Note that this occurs even as the anomalies get thicker because the total anomalous mass remains constant. Thicker anomalies, however, have larger deflections for a given depth than do thinner ones, resulting from the greater viscous coupling to the surface. This effect is reduced if the maximum viscosity of the anomalies decreases: the only difference between group 3 and group 6 in Figures 11a and 11c is h eqv , which equals 50 km for group 3 and 100 km for group 6. Note, however, that for a given depth the topographic deflection within group 6 is relatively constant compared with the higher-viscosity anomalies of group 3. For anomalies with a 50 or 100 km half thickness, increasing the rate at which the background viscosity decays determines the magnitude of the decrease in topographic deflection (Figure 12 ). Model groups in which the anomalies have a viscosity similar to that of the uppermost lithosphere, or in which the viscosity decays more slowly with depth (groups 1 and 8; Figures 11b and  11d ) exhibit increased topographic deflections with depth for a few cases (i.e., 100 km half thickness in Figure 11d and 200 km half thickness in Figure 11b ). In addition, the models with the maximum topographic deflection within these groups have larger half widths. While these deflections are larger in magnitude, they are also narrower in width (Figure 13 ). Thus the thick high-viscosity region associated with these models focuses the distribution of stress on the surface to a narrower region.
[39] The symbol size in Figure 11 is proportional to the topographic misfit for each model (Appendix B). The topography, taken by itself, does not strongly constrain our models because while for the models in Figure 11 , the topography is fit best by shallow models, increasing the total mass anomaly would shift the best fitting models deeper.
[40] The topographic component of the gravity follows the same trends outlined above for the topography; however, the addition of the gravity due to the density anomaly changes these trends somewhat when considering the total gravity anomaly (Figure 14) . The gravity due to the density anomaly decays much faster, as density anomalies shift deeper, than does the topography. This is seen in Figure  14a where, for shallow depths, the gravity has a magnitude of À40 mGal. As the mass anomaly gets deeper, the positive gravity due to the mass anomaly decreases rapidly and therefore cannot counteract the large negative gravity anomaly caused by the topographic deflection. Thus for deep models in Figure 14a , the gravity is extremely negative (near À100 mGal). This effect is even stronger for models in which the density anomaly remains strongly coupled to the surface at greater depths (Figures 14b and 14d ). For group 6 this effect is not as strong because of the reduced topographic deflection for the deeper models due to weak surface coupling. From Figure 11c it can be seen that the topographic depression for the deepest models in group 6 is less than the deepest models of the other groups in Figure 11 . When the density anomaly is placed deep in the mantle, its influence on observed gravity is minimal; the observed gravity is that due to the surface deflection, which is smaller for group 6 than for the strongly coupled models.
[41] Another interesting effect seen in Figure 14 for models with 50 km half width is an increase in the goodness of model fit as the density anomaly gets deeper. This occurs because for the deeper models, the topography and its gravity anomaly are reduced because of reduced surface coupling. At the same time the magnitude of the gravity due to the density anomaly is also reduced because it is deeper in the mantle. Since the net gravity is the difference of these two magnitudes this difference matches observations better than if either quantity were larger. This is true in general, and it is possible to match the observed gravity well even when the topographic deflection is under or over predicted. An example is model I924, the best fitting model in group 12 (Table 3) . This model fits the gravity well but the topography poorly. Thus, the gravity taken alone is not a sufficient constraint on the density and viscosity of our models.
[42] The gravity and topography taken together do provide a stronger constraint on the density and viscosity of our Figure 11 . Model topography for several groups presented in Table 3 . In all cases the total mass anomaly is 9 Â 10 18 kg and the lower mantle is isoviscous. The symbol size indicates goodness of fit with observations with a larger symbol meaning a better fit (see Appendix B). The color of each symbol displays the maximum topographic depression observed at the center of the Congo basin. models. The topographic deflection is related to the anomalous density via the viscosity structure and determines the topographic component of the gravity. The total gravity is, in addition, also directly sensitive to the input density. The tradeoffs discussed above, associated with fitting either the topography or the gravity alone are therefore eliminated. This can be seen in the plots of model admittance and total model fit (Figures 15 and 16 ). Both these quantities are sensitive to topography and gravity. The best fit model admittances occur for models at 100 km depth. Models situated deeper in the mantle have a very large gravity anomaly compared to the topographic deflection and therefore admittances are large. Conversely, anomalies at a shallower depth have a subdued gravity due to the increasing gravitational influence of the anomalous mass compared to that of the topography (in the limit of a density anomaly at the surface the total gravity goes to zero). The total misfit shows a similar pattern to the admittance with best fitting models corresponding to a density anomaly at 100 km depth. The overall best fitting model is in group 3, located at 100 km depth and with a 100 km half thickness (Table 3) . The best fitting models for all groups (except group 12 as discussed above) with an isoviscous lower mantle are located at 50 or 100 km depth with most occurring at 100 km. These best fitting models are also relatively thin with half thicknesses of either 50 or 100 km. The overall best fitting model, I546 in group 3, matches the observed gravity, topography and admittance well: The residual gravity and topography anomalies are small and the anomalous gravity, topography and admittance spectra are well reproduced (Figures 17, 18, and 19) . The other models in Table 3 whose total misfit is less than about 0.540 fit similarly well.
[43] Our best fitting models provide a better constraint on the density structure than on the viscosity structure. The total anomalous mass of the best fitting models in Table 3 ranges only from 8 to 10 Â 10 18 kg. Since these anomalies are constrained to be relatively thin and contained within the lithosphere, this corresponds to a maximum anomalous density range of 27-60 kg m
À3
. Increasing or decreasing the anomalous mass outside this range results in models which fit the data poorly. It is possible to achieve a better fit for larger anomalous masses by providing some support to the anomalies by introducing a viscosity increase for the lower mantle. Groups 5 and 13 have the same total anomalous mass; however, the best fitting model in group 13 is situated 300 km deep, beneath the lithosphere and in a Figure 12 . Magnitude of topographic deflection for models with different background viscosity profiles. All cases have the same mass anomaly of 9 Â 10 18 kg and half thickness of 50 km. The topographic depression is nearly the same for all viscosity profiles at a depth of 50 km; however, the depression for models whose profile is superexponential (v T = 4.35 and 10) decays more quickly with depth than the models with a near exponential viscosity profile (v T = 0.1). Figure 13 . Profiles of model topography along a northsouth transect through the Congo basin at 22°E. The profiles here are for models in group 1. These models all have a relatively high viscosity associated with the density anomaly. (a) Group 1 models whose half thickness is 50 km for various depths (the model at 50 km depth has been left out for clarity: it is very similar to the profile for the model at 100 km depth). The magnitude of the depression for these models decreases as the anomaly gets deeper, while the width remains relatively constant. (b) Group 1 models whose depth is 400 km. Thicker anomalies are more strongly coupled to the surface so the magnitude of the depression for these models increases with anomaly thickness. Note, however, that there is also a significant narrowing of the depression for the models whose anomaly is thickest. The red curve in Figures 13a and 13b are for the same model and provides a reference shape. location where some of the mass is supported by the higher viscosity transition zone and lower mantle. In contrast, the best fitting model of group 5 is located at 50 km depth, but fits much more poorly. An increase in viscosity beneath the lithosphere, however, has little effect on the fit of the anomalies situated within the lithosphere: The 50 km thick 50 km deep density anomaly in group 13 fits the data about as well as that of group 5 with a total misfit of 0.633 versus 0.638. We cannot uniquely determine the magnitude of the viscosity increase from the upper to lower mantle because there is a tradeoff between the depth of the viscosity increase and the magnitude of that increase (Compare groups 13 and 14 in Table 3 ). From Table 3 it can be seen, however, that these deeper models supported by a highviscosity lower mantle fit the gravity much less well than the best fitting models with density anomalies located at shallower depths for groups with less total mass. This poor fit results from the upward continuation of the gravity due to the density anomaly. For these deep density anomalies, a large mass is required to fit the topography adequately; however, upward continuation of the gravity due to the mass anomaly shifts its spectral content out of the band containing the anomalous Congo basin gravity by preferentially damping shorter wavelengths. This effect can be counteracted by decreasing the width of the anomaly, in effect making the gravity shorter wavelength before upward continuation; however, doing so results in a poorer fit to the topography, which is not affected by the spectral dampening related to upward continuation. Thus the near coincidence of the spectral content of the anomalous topography and the Figure 14 . Same as Figure 11 , except symbol size represents gravity misfit and symbol color represents total gravity anomaly at the center of the Congo basin.
anomalous gravity implies a shallow source of the mass anomaly resulting in topographic deflection.
[44] Unfortunately, we are not able to constrain the viscosity structure of the lithosphere with our models. The three best fitting individual models in Table 3 have the same mass anomaly with the same maximum viscosity but have significantly different background viscosity profiles. Furthermore, we can also achieve a good fit using a model in which the maximum viscosity of the anomaly is significantly less than the maximum viscosity anomaly of our overall best fit model. This inability to constrain the viscosity structure within the lithosphere probably results from the shallow location of the density anomaly. At these depths there is no significant difference in the strength of coupling between the anomaly and the surface for different viscosity structures. As a result, these various viscosity structures result in a similar topographic depression at the surface for shallow density anomalies (Figure 11 ).
Calculation of Synthetic Tomographic Images
[45] In addition to our dynamic solutions we also create synthetic tomographic images for our various input models. We utilize the filtering procedure of Ritsema et al. [2007] to obtain the images expected for our input model geometries, assuming resolution characteristics consistent with S20RTS ( Figure 20) . Previous authors have used either empirical calibration of shear wave velocity and temperature [e.g., Priestly and McKenzie, 2006] or have relied on mineral physics constraints to scale temperature perturbations into Figure 15 . Same as Figure 11 , except symbol size represents admittance misfit and symbol color represents average admittance observed over the band 20 < l < 40 when gravity and topography are localized near the center of the Congo basin. velocity perturbations [e.g., Tan and Gurnis, 2007] . However, we assume that the shear wave velocity anomaly resulting from our models follows the same bivariate Gaussian pattern and has unit amplitude. This approach avoids the need to scale geodynamic variables by poorly determined conversion factors [see Karato, 2008] . In order to quantify the fit between the synthetic images and those of S20RTS, we derive a misfit parameter based on the correlation coefficient which is localized horizontally using the same spatiospectral localization used for the gravity and topography, and localized to the upper mantle using a combination of the S20RTS basis splines (see Appendix B).
[46] The local correlations observed for the various input models ranges from 0.28 to 0.47 (Figure 21) . At the long wavelengths associated with S20RTS (we are restricted to l < 20, which for f s = 1.5 yields L Nyq = 12), our windowing functions include a large area surrounding the Congo basin where our models are not defined, resulting in the overall low correlation values in Figure 17 . However, these correlation values still provide a relative measure of model fit. The greatest variation in correlation occurs for models with a 50 km half width, with the overall best and worst fitting models occurring at 100 and 200 km, respectively. That these models occur at adjacent depths is indicative of the rapid change with depth in shear wave velocity anomaly that occurs in the uppermost regions of S20RTS beneath the Congo (Figure 7) . At 100 km half thickness the depth variation of correlation is decreased; however, the best fit model still occurs at 200 km depth. For half thicknesses greater than or equal to 200 km, all models fit the observations equally well. This lack of variation results from the relatively constant shear wave velocity anomaly of S20RTS over these larger depth ranges within the upper 800 km of the mantle beneath the Congo basin.
Discussion and Conclusions
[47] The observations outlined in section 3 demonstrate that the Congo basin's surface is currently being depressed in response to the downward flow of an anomalously dense region in the mantle. This geodynamic scenario is similar to that generically proposed by DeRito et al. [1983] and Figure 17a from the sediment-corrected topography displayed in Figure 4b . The absence of any significant depression at the location of the Congo basin demonstrates the very good fit to observations we are able to achieve with our dynamic models. (c) Model gravity for our best fit model. This model gravity reaches À70 mGal minimum magnitude at the center of the Congo basin. (d) Residual gravity given by subtracting the model gravity from the GRACE gravity shown in Figure 2a . Again, there is no systematic misfit observed in the Congo region indicating a good fit. Overall, we are able to fit the gravity and topography of the Congo basin using several models whose output is similar to those described here (see Table 3 ). . The localized RSS is equivalent to the data power minus the model power, so it is equal to the image in Figure 18c minus the image in Figure 18b . Note that much of the anomalous power associated with the Congo basin has been removed. Figure 19 . Same as Figure 18 , but for gravity. Note that in Figure 19c the Congo gravity anomaly is isolated from other anomalies. In Figure 19d much of the anomalous power of gravity has been removed indicating a good model fit at the Congo basin and over the wave band containing the Congo gravity anomaly. 
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Naimark and Ismail-Zadeh [1995] in which density anomalies like the one described here periodically become unstable and cause subsidence of intracratonic basins. While our observations do not indicate what stage of the subsidence process the Congo basin is currently undergoing, they do provide the best evidence thus far that intracratonic basin subsidence is driven by dynamic topography and that the most recent depression of the Congo basin is dynamically maintained. Models in which anomalous masses within the cratonic lithosphere become unstable in response to global tectonic events are also the most plausible mechanism to explain the long-period near synchronicity of intracratonic basin subsidence worldwide [Sloss, 1990] .
[48] The gravity and topographic anomalies associated with the Congo basin also provide constraints on the density structure of the lithosphere. Simultaneously fitting both gravity and topography allow us to determine the magnitude of the total mass anomaly associated with the Congo anomaly. We are also able to constrain this anomaly as being located within the lithosphere at a depth of 100 km. The maximum density contrast across this anomaly ranges from 27 to 60 kg m
À3
, depending on its half width and thickness. If the density anomaly has a thermal origin this corresponds to a temperature drop of about 400-900 K, relative to ambient mantle, assuming a thermal expansivity, a, of 2 Â 10 À5 K
À1
. Such a large temperature anomaly implies that the lithosphere beneath the Congo basin has a temperature similar to that of the crust. Correspondingly, the viscosity of such a cold mantle region should be large [Priestly and McKenzie, 2006] . Our modeling results do show, however, that even for a linear viscosity profile through the lithosphere the observations are not fit well. It is much more likely that the origin of these large density anomalies is largely compositional. Density changes associated with the eclogite phase transition can easily explain the observed density contrasts without requiring the presence of a large thermal anomaly and associated high viscosities beneath the Congo basin [Anderson, 2007a] .
[49] We are not able to tightly constrain the viscosity of the lithosphere beneath the Congo basin. This inability arises from the location of the preferred anomaly in the uppermost mantle where it is tightly coupled to the surface for a range of viscosity structures, including exponential and two superexponential decay rates. It does appear that a linear viscosity profile through the lithosphere is inconsistent with observations. Thus we are unable to determine the exact nature of the decrease in lithospheric viscosity with depth.
[50] The density and viscosity structure of the lithosphere determined from gravity and topography is consistent with the shear wave velocity anomaly observed beneath the Congo basin. However, the exact placement of that anomaly appears deeper in the lithosphere than our preferred models. This difference in location may result from an offset of the location of the center of the density anomaly and the location of maximum seismic velocity anomaly. For example, a region of constant seismic velocity with depth will have a greater velocity anomaly at greater depths relative to PREM due to the increase in background velocity within PREM. In this analysis we have ignored the amplitude of the seismic velocity anomalies when comparing various models and the resolution of S20RTS limits us to very large scales. Perhaps a more detailed analysis and a higher resolution model will provide more constraints on the structure of the Congo lithosphere. Another implication for the tomographic analysis is the influence of composition on seismic velocity. Anderson [2007b] shows that for eclogitic bodies within the uppermost mantle, density and seismic velocity are not strongly correlated. Indeed it is possible to have a high-density region which is not observed seismically. If this is indeed the case beneath the Congo basin, and the density anomaly is caused by an eclogite phase transition, this may explain the lack of lithospheric root beneath the Congo basin observed in the tomographic model of Pasyanos and Nyblade [2007] .
[51] In conclusion, the observations of topography and gravity at the Congo basin indicate a dynamic origin for the depression of the basin's surface. These observations taken together indicate that the density anomaly causing this subsidence is located within the upper mantle at a depth of 100 km. In addition the magnitude of this density anomaly is 27-60 kg m À3 , a range most consistent with a compositional origin. We are not able to constrain the exact nature of the viscosity structure of the lithosphere. It does appear, however, that the decay of viscosity with depth is exponential or superexponential. While we cannot claim our models fit the data uniquely, because of the nonlinear nature of mantle convection, it does appear that our best fitting models are the most reasonable assuming realistic lithospheric density and viscosity structures. general linear transfer function between two functions, A and B defined on the surface of the sphere, W, is given by
[53] The hat (^) symbol is used to denote unit vectors pointing from the center of the sphere to a location (q, f) on the sphere's surface. Generally the transfer function between topography and gravity is assumed to be isotropic (see McNutt [1979] for an exception). Physically, this means that there is no azimuthal bias about the pointû in the transfer function F, or equivalently, that B(û) is only dependent on the zonal components of A(v) about the poleû. It is also generally assumed that the transfer function is spatially invariant on the surface of the sphere. Mathematically, these two assumptions mean that F has no explicit dependence on the locationû depending only on the angular separation between the pointsû andv, i.e., that F(û,v) = F(û Áv). Substituting this relation into equation (A1) gives a convolution integral [Basri and Jacobs, 2003] . These convolution integrals are most conveniently expressed in the spherical harmonic domain.
[54] We adopt the Varshalovich et al. [1988] normalization for the spherical harmonic functions:
l = 0, 1, 2, . . . and m is an integer such that Àl m l. P lm are the associated Legendre functions, defined for m ! 0 as
where P l are Legendre polynomials. These spherical harmonic functions are normalized such that
[55] Continuous functions on the sphere can then be represented by
The spherical harmonic coefficients a lm of the function A(q, f) are given by The cross power spectrum between two sets of spherical harmonic coefficients is defined as
S aa (l) is termed the power spectrum. The correlation spectrum between two sets of coefficients is defined as
Returning to the transfer function (A1), If we chooseû as the q = 0 axis, then since F only depends on q we have the following spherical harmonic representation of the transfer function:
We can now transform equation (A1) using the Funk-Hecke theorem [Basri and Jacobs, 2003] : 
Our goal is to estimate F l when b lm and a lm are the spherical harmonic coefficients of the gravity and topography, respectively. In general, equation (A11) will not hold for observed gravity and topography due to the presence of ''noise'' in the gravity. We need to modify equation (A11) to take this into account:
where g lm and h lm are the spherical harmonic coefficients of gravity and topography and n lm are the coefficients of the ''noise.'' The ''noise'' in equation (A12) is defined as the component of the gravity which is uncorrelated with the topography, i.e., the cross power spectrum between the topography and the noise given by equation (A7) is zero for all l. Sources of this noise are not just measurement errors but also include any component of the gravity that cannot be linearly related to the topography. Defining the noise in this way allows us to calculate an estimate of F l , denoted as Z(l), by multiplying equation (A12) by h lm * and summing over m yields 
where g lm and h lm are the spherical harmonic coefficients of gravity and topography, respectively. Z(l) is an unbiased estimate of the transfer function's spectrum [Wieczorek, 2007] .
[56] If our assumption of a spatially invariant F l is violated, then Z(l) estimates a globally averaged transfer function. However, we can examine the spatial variance in F l using spatiospectral localization. We denote the spherical harmonic coefficients of gravity and topography windowed near a point (q o , f o ) by g lm (q o , f o ) and y lm (q o , f o ) respectively. Substitution of these windowed coefficients into equation (6) gives a local estimate of F l :
Equation (7) assumes that F is spatially invariant within a window. By centering these windowing functions at different locations we can explore the spatial variance of the transfer function.
Appendix B: Calculation of Model Misfit B1. Tomography, Gravity, and Total Misfit
[57] The model misfit parameters used to determine which gravity and topography models best fit observations are based upon a localized version of the residual sum of squares (RSS):
where d(W o , W) and m(W o , W) are the data and the model, respectively, localized near the location W using the spatiospectral localization method outlined in the text, and defined over the surface of the Earth W o . Using Parseval's theorem [Wieczorek, 2007] , (B1) is transformed to
In terms of the total cross power between two functions,
Equation (B2) becomes
Thus, the local residual sum of squares equals the power in the localized data plus the power in the localized model minus twice their cross power. In practice, the sum over l in equation (B3) must be restricted to a finite range of l. We choose to sum the power over the wave band containing the anomalous topography and gravity, namely, 10 l 40, when calculating the model misfit parameters. In order to combine the gravity and topography misfit we normalize (B4) by the localized data power, since the model power varies between models, but the data power does not:
RSSN(W) will equal 1 for the ''null'' model, m(W o , W) = 0, and will equal 0 when the data and model match perfectly over our wave band of interest. Combining the gravity and topography normalized misfits is accomplished by averaging
Throughout this paper we use equations (B5) and (B6) to calculate model misfit when the data and model are localized near the center of the Congo basin at W = (22.00°Å , 1.75°S).
[58] A similar process is used to calculate the misfit of the localized admittance (A14). This misfit is based upon the root-mean-square residual of model and observed admittance over a specified wave band:
We restrict the sum in equation (B7) to the wave band 20 l 40 over which the observed admittance is anomalously high. We also normalize (B7) by the residual for the ''null'' model giving 
The admittance misfit is only used to identify which models give admittance values similar to those observed and is not included in the total misfit calculation since it is not an independent measure of model misfit.
B2. Tomography Misfit
[59] S20RTS is parameterized in terms of spherical harmonic functions and 21 radial basis splines, defined on the domain R CMB < r < R E : where DV s is shear wave velocity anomaly relative to PREM, and Z r are the splines. Using the procedures of Ritsema et al. [2007] , we project our input models onto this basis and then apply the S20RTS resolution filter to obtain the coefficients of the synthetic velocity anomaly, s klm . We calculate the local correlation coefficient between the Figure B1 . Profile of the function used to weight the correlation of model and observed tomography to the uppermost mantle. This weighting function emphasizes the correlation in the uppermost 800 km of the mantle, the region which contains the anomalous shear wave velocities observed beneath the Congo basin.
